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Preparation and Adhesion of Ultra-Thin Polyimide Films

on Polycrystalline Silver
by

M. Grunze and R N. Lamb+
Laboratory for Surface Science and Technology
and Department of Physics
University of Maine
Orono, ME 04469

‘We-deposite &.ﬁp;ydianiline (ODA) and 1,2,3,5 Benzenetetracarboxylic Anhydride (PMDA) from
ClWers de Rodiied
the vapor phasedonto a polycrystalline silver substrate and followed the polymerization of the two

adscryy,)
compenents 1o form ultra-thin polyimide films (d* 11A) by X-ray photoelectron spectroscopy. Both PMDA

and ODA chemisorb on the clean surface under partial fragmentation. Co-deposition of ODA and PMDA
followed by heating of the substrate led to formation of thermally stable (T < 450%C) polyimicie films. Our
data indicate that adhesion of the polyimide film to the surface involves chemical bonding tc fragmentzd
_PMDA and/or ODA chemisorbed on the substrate. Our experiments show that polyimide films ¢2n be
prepared sufficiently thin to allow the application of surface sensitive teckniques to probe the

substrate-polymer interface and to study the basic physics and chemistry of adhesio&(

W) *permanent address: Cavendish Laboratory, University of Cambridge,

N Madingley Road, Cambridge CE3 CHE, England
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Polyimides are used widely in electronic devices as diclectrics or as a-particle barriers in charge
sensitive memory devices. Their favorable mechanical and dielectric properties, their thermal stability as we..
as their ease of application by spin coating favors their use over other polymers. However, their adhesive
properties on various substrates are not well understood. There exists no direct information abcut the
| . polymer film-substrate interaction, i.e. yvhether adhesior of the fiim is caused by covalent bonds,
electrostatic or dispersive forces, or by mechanical interlinkiné of the polymer and substrate. Experiments
on the nature of polyimide adhesion to metals so far have been restricted to the study of inetal clusters and
metal films deposited on cured polyimide surfaces or polyimide compounds /1,2/. These experiments
showed that different metals interact differently with the polymer surface, e.g. chromium seems to bond
covalently with the PMDA section of the polymer through fracturing of the carbonyl bonds, whereas the
interaction with copper atoms seems to be restricted to a weak interaction with the oxygen in the ODA-part
of the polymer chains. However, the bonding of polyimide films on solid metal surfaces could be
considerably different because of the different electronic and therefore chemical properties of buix metals
as compared to clusters or single metal atoms. In this report, we describe the first data on the adsorption of ‘
ODA and Pi4DA on a metal surface and demonstrate that uitra-thin polyimide films can be produced by ‘
vapor phase deposition of the two polymer constituents to provide model systems for studying the
chemistry of adhesion at a molecular level.

Solventless polyimide film preparation by vapor deposition was first demonstrated for relatively thizx
(> 1um) fiims by Salem et al. /3/ using a vapor deposition system. In their experiments, both ODA and PMDA
vapors procuced by sublimation of the bulk components were mixed in a vapor mixing chamber and then
deposited onto the substrate. Our experiments were performed in a Leybold Heraeus XPS system
equinped with an ultra high vacuum preparation chamber and a high pressure reactor. Deposition of the
ODA and PMDA films was carried out in the preparation éhamber. ODA and PMDA of 85% purity (Aldrich
Chemical Company) were contained in quartz tubes (S0mm length, Smm diameter) mounted on 2 35mm
flange and were heated by thermal conduction from a resistively Feated tungsten wire. Thermocougles
prececd inta the materials were used to mzasure the suiimation tamparatures. It was found that the Lest
recults for dagecition of ODA and PLIDA vere obtain.d at subimstion (Cn‘.pﬂétLﬁGS of 100°-200°C

- . . ! .- ’ - , G,
resu'tnng in ODA and PAMDA backarcund prosoures int s proparaiizn chinar 00 2 x 10 60 <10 St
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o No attempis were made to calibrate the evaporation fluxes in these experiments. Prior to depogition, the
E malerials were degassed at the sublimation temperature for 30 min. before the sample was moved into the
's: preparation chamber. The silver substrate was maintained at room temperature during vapor deposition an:
Rt

‘ was cleaned prior to film deposition by oxidation in 0.5mbar of O, at 400°C to remove residual carbon and
‘;‘ subsequent flashing to high temperaturcs, or by Ar-ion bombardment.
i The spectra reproduced here were recorded with MgK, radiation (100W) and with an experimenta!
‘ resolution of 0.92eV. The electron binding energies given are calibrated against the Au 4fg,, emission at
§§ Eg = 84¢V. The film th'ic.kness was estimated from the attenuation of the Ag 3d photoemission signal
E% assuming a homogeneous overlayer and using an electron mean free path of 12A /4/ for the Ag 3d electron
\ through the organic overlayers. The values for the average film thickness can only be considered to be
:i:ﬁ approximate and most likely underestimate the true thickness. For the very thin films (d ~ 11A) the intensity
,:,: of the low kinetic energy silver Auger transition at 351eV indicates that the film is not continuous.

ol Fig. 1 shows schematically the reaction between ODA (Oxydianiline) and PMDA (Pyromeliitic
_: dianhydride or 1,2,3,5 Benzenetetracarboxylic Anhydride) to form polyimide /5/. Initial interaction leacs tc
] the formation o: the polyimide precursor, i.e. polyamic acid. Heating to T 2 120°C eliminates the hydroxyl
by groups and formation (imidization) of polyimide is observed. The numbers in the structural formulae are
‘::‘ given to facilitate an assignment of our X-ray photoelectron spectra to specific carbon atoms in thie
' reactants, intermediates and the product.

& In Fig. 2 the carbon 1s spectra and the N 1s spectra of the vapor deposited pure reactants, of a
? co-deposited layer, and the final polymers are displayed. Spectrum 2a shows the C 1s data for a thin (i.e.
'.E:E monolayer or less) deposit of PMDA. Calibration spectra of bulk PMDA and thick PMDA fims /6/ shew a
3 doubled C 1s spectrum arising from the aromatic phenyl carbons (1) and the carbonyl carbens (2) with an

} expecled intensity ratio of R = 6:4. The spectrum (2a) of. the thin PMDA vapor deposited fiim however,
: shows a split carbonyl band with two major components (Eg = 289.6eV and Eg = 288.4¢V) indicating a
o chemizal interaction with the substrate. The split carbonyl band exists up to completion of a manaiayer.
:. The integrated intensity ratio botween the phiony! carbon 1s band at 285.7¢V and the cvtanyl C 15 Bands
’:\ isR. (6 + 0.23):3. Thisratio iz indepondent ontha clectron emission tovie (€0°t0 407) wh thind ol v
'&E the reanen for the doviatic n from the expecicd ot nllly o is ot attenuntion of car o, TG e oot o
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'orng inates from the carbon atoms {4) bonded either to the ether oxygen or the amine groups. This ascign-
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Since in undissociated PMDA the ratio of the phenyl carbon to the carbonyl carbon is 6:4, we conclude that
one carbonyl group is lost from the surface upon initial deposition. This conclusion is supported further by
the phenyl C 1sto O 1s (PMDA: R = 6:6) and carbonyl C 1s 10 O 1s (PIADA: R = 4:0) signal intensity ratio of
R =6:5and R = 3:5, respectively /6/.

The comparison of the intensity ratios can help to identify the stoichiometry of the adsoruate phase,
but does not indicate the total deéree of dissociation of those species or fragments remaining on the
surface. The energy separation of the phenyl and carbonyl 1s bands in PMDA is 3.7eV (see spectrum 2b)
and it appears that some of the carbonyls in spectrum 2a remain in the same chsmical environment as in
undissociated PMDA. This observation is suggestive of a bonding configuration of partly dissociated
PMDA, where the plane of the molacule is tilted away from the surface and chemical bonding occurs via the
carbon atom on the phenyl ring from which CO was relzased and/or the oxygen on the carboxyl group /6/.
Further evaporation of PMDA leads to the formation of an undissociated PMDA film on top of the partly
dissociated layer as shown in spectrum 2b. The shift of the C1s bands to higher binding energies is
explained by a dacrease in final state screening of the photoionized molecule by metal electrors in the
thicker films.

Spectrum 2¢ was recorded from an oxydianiline fim of d ~ 71 7A. The major band at Eg = 285.6eV

originates from the aromatic phenyl carbons (3), the hich binding energy shoulder at Ep = 286.6¢V

ment i3 consistent with the intensity ratios of the bands and the calculations of Silverman et al. /7/ on
aromatic amino compounds. The N 1s spectrum of this CDA deposit is shown in spectrum 2f. A single and
symmetric N 1s band at Eg = 400.5eV (FWHM! = 1.4eV; indicates that both amino groups in the thick ODA
film are in eguivalent chemical environments. Our low coverage cata for ODA on silver /6/ indicate,
hoveever, that the surface layer consists of undissociated and partly dissociated oxydianiine.

A co-deposited layer of ODA and PI.DA (thickrzss ~ 34A) gives rise to the C 1s spectrum 2d. Itis
obvious that spectrum 2d is not simply a composite ¢! tv2 PLIDA and ODA C 1s spectra, but a chemical
reaction botween the two molecutes has changedtie carbon 1s hinding en rges of the tvo roroian's
Spactrum 24 resembles the apectrum of potyomic cod - ponted by Lesry cnd Camploll i wlherwas
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th deposted polyanic acid /3/. In polyamic acid, the carbonyl carbon atoms are in a varicty of acid ard amide
éﬁ chemical environments, resulting in a broad band in the carbonyl C1s region. Since the exact stoichiometry
:' of the co-deposited surface layer is not known, assignment of the C1s bands to specific carbon atoms is at
.:y; present not possible.

'ii The co-deposited layers (d ~ 34A) were slowly heated in vacuum and desorption of water, ODA ang
g: PMDA was observed. As shown in Fig. 3 for O1s datg, the{significarjt removal of water was achieved by

R heating. The O1s band of the co-depcsited layer at room temperature (Fig. 3a) shows a doublet with a high
I‘ hinding energy band at Eg = 534.4eV assigned to emission from the hydroxyl groups and the low binding

' f; energy band (Eg = 532.7eV) originating from the carbony! and ether oxygen. By heating to 180°C the

o band narrows due to loss of hydroxyl groups as water. For annealing at temperatures greater than this the
'é spectrum gradually changes into the one expected for the polyimide film.

E The film thickness decreased continuously during heating. After 10 min. at 180°C the attenuation

' of the Ag 3d emission indicated a thickness of ~14A, and after heating to 300°C for 1 hour of ~11A. The
:'§ resulting C1s and O1s spectra aiter curing at 300°C for 1 hour are qisplayed as Figs. 2e and 3c respectively.
j They are identical to those obtained by us for thick (d > 73A) polyimide films /6/ or those preduced by spin

. coating technigues /8/. In agreement with the data and calculations'by Ho and co-workers /1,2,7/ we assign

L)

:, the C1s band (3) at Eg = 286.2eV 1o the aromatic carbon in the ODA part of the polyimide, the band (1,4) at
s' EB = 286.9eV to the carbcn in the PMDA ring and carbon to nitrogen or oxygen the ODA part of the

i polymer, and the band (2) at 250.0eV to the carbony! carbon in the polyimide /6/. In the O1s data the peak
‘;‘:.. is assigned to the carbany! oxygen in the polyimide (Eg = 533.4eV) and the ether oxygen in the ODA

? : constituant of the polyimide (Eg = 534.9 eV). »

: Integration of the carbony! band C{2) and the C(3)_ and C(1,4) band gives a ratio of C(2):C(1,4):C(3)
: R = (4):(9.5):(9.6) as compared to R = 4:10:8 for a stoichiometric polyimide film. The relative higher intensity
j' -: of the low binding energy C1s peak at 286.2eV can be explained by the polyimide film having a high
= branching ratio and terminal ODA groups and’or by the presence of fragmented PMDA and ODA in the
;3 polyimide-silver interfzce. That fragmented PLDA znd’or ODA contribute to the spectra of the thin (~1 1A)
"./ finis also evidentin the Oto cpectra (Fig. 22) by tho low binding energy sheuider persisting areund Uy =
o 531,52V, Thin chaullorwes Gon obnnrvad for monslayer coverages of PLADA and ODA andind
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again fragmentation in the polyimide-siiver interface.

As shown in Figs. 2f-2h, the reaction of ODA and PLADA 15 farm the polyimide can be followed by
the changes in the N1s spectra. Co-dcposition feads to broadening of the N1s band (2g), indicating a
reaction of the NH,-groups with the PMDA anhydride groups. V/ith an increasing degree of imidization, the
N1s band narrows and centers at 401.5¢V in the fully cured polymzr (Zh).

» The total C:O:N ratio in the thin polymer film is R = (24.8):(4.2):(2). For a stoichiometric polymer a
ratio of R = (22):(5):(2) is expected. The excess carbon in our film is present as aromatic carbon, since the
carbonyl carbon to total oxygen ratio is reduced 10 2.9/5 as compared to 4.5 for a stoichiometric fim. A
carbony! deficiency in polyimide films has been noted in previous XPS studies on polyimide surfaces, but in
our very thin film a stoichiometric ratio is obtained for the total oxygen to nitrogen ratio with an excess of
aromatic carbon. This observatioﬁ is also consistent with & polyimidz/metal interface consisting of partial'y
fragmented PMDA and ODA where some of the carbonyl.and amino groups are lost as CO and aniline
during initial deposition, respectively, and is supported by our O1s data as noted earlier. The oxygen
species with the lowest binding energy being identified as the oxygen bonded directly to the silver surface.
We therefore conclude that adhesion of the polyimide film to the silver surface involves chemical bonding to
the silver surface via fragmented PMDA and ODA.

We carried out several unsuccessful experiments to procuce thinner polyimide films on silver
surfaces by either co-deposition of ODA and PMDA or by evaporating the individual components
sequentially. Co-deposited layers of ~12A thickness initially showed photoemission spectra consistent
with the presence of polyamic acid, but heating the layer led 1o & decrease in effective thickness and
dissocialion of the organic constituents in the silver-polymer interface. From the intensity of the carbonyl
C1s emission from imide carbonyl groups we estimate that only ~15% of the polyamic acid present after
initial co-deposition underweant imidization. Similar results were cbiained by sequential evaporation of thin
(d ~ 5-7A) ODA and PMDA layers, supparting our conclusion that the silver-polymer interface consisis cf

fragmented and chemically bonded potymer constituents throuzh which adhesion to the substrate is

achieved.
In conciusion, our experimants show for the [t time thnt azharan botween a pooyimids i e '
bulk. matal surface is achieved by chensical bandins 1o the subrr it A dorezn rated i tis word P
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polyimide films can be prepared in a controlled fashion by vapour deposition techniques allowing the
i application of surface sensitive spectroscopics to study the chemistry and physics of adhesion, the effect
of contaminants or adhesion promotors in the interface, and the chemical reactions during polymerization i-

ultra thin polyimide films.
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Fig. 1 Schematic representation of the reaction of ODA and PiIADA to form polyimide.
Fig.2 C 1sand N 1s spectra of PMDA, ODA and their reaction products on polycrystalline silver.
2a C1sPMDAd~4A(x2).
2b C1sPMDAd~ 11A.
2c C1sODAd~17A.
2d  C 1s co-deposited film of ODA and PMDA, d ~ 34A.
2e  C 1s cured polyimide (1 hour 300°C), d ~ 11A.
2  Nisof ODA,d ~ 17A.
2g N 1sof aco-deposited film of ODA and PMDA, d ~ 34A.
2h N 1s of cured polyimide, d ~ 11A,
Fig.3 O 1s spectra of a co-deposited ODA + PMCA layer and their eventual reaction cn poly-
crystalline silver 1o form polyimide.
3a 26A roomtemperature.
3b  14A following heating to 1€0°C 10 min-~.

3¢ 11A further heating at 300°C 60 mins.
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